Glial cell line-derived neurotrophic factor (GDNF) is a TGF␤ family member, and GDNF signals through a glycosyl-phosphatidylinositol-linked cell surface receptor (GFR␣1) and RET receptor tyrosine kinase. GDNF signaling plays crucial roles in urogenital processes, ranging from cell fate decisions in germline progenitors to ureteric bud outgrowth and renal branching morphogenesis. Gene ablation studies in mice have revealed essential roles for GDNF signaling in urogenital development, although its role in prostate development is unclear. We investigated the functional role of GDNF signaling in the urogenital sinus (UGS) and the developing prostate of mice. GDNF, GFR␣1, and RET show time-specific and cell-specific expression during prostate development in vivo. In the UGS, GDNF and GFR␣1 are expressed in the urethral mesenchyme (UrM) and epithelium (UrE), whereas RET is restricted to the UrM. In each lobe of the developing prostate, GDNF and GFR␣1 expression declines in the epithelium and becomes restricted to the stroma. Using a well-established organ culture system, we determined that exogenous GDNF increases proliferation of UrM and UrE cells, altering UGS morphology. With regard to mechanism, GDNF signaling in the UrM increased RET expression and phosphorylation of ERK1/2. Furthermore, inhibition of RET kinase activity or ERK kinases suppressed GDNF-induced proliferation of UrM cells but not UrE cells. We therefore propose that GDNF signaling in the UGS increases proliferation of UrM and UrE cells by different mechanisms, which are distinguished by the role of RET receptor tyrosine kinase and ERK kinase signaling, thus implicating GDNF signaling in prostate development and growth. (Molecular Endocrinology 29: 289 -306, 2015)
T
he prostate gland is an endodermal derivative of the hindgut that is formed late in embryonic development from the urogenital sinus (UGS). Morphogenesis of the mouse prostate begins around embryonic day (E) 16.5 in the UGS and is dependent on androgen action. Androgen produced by the testis activates androgen receptors in the mesodermally derived urethral mesenchyme (UrM), which is adjacent to the urethral epithelium (UrE) and composed of discrete spatial regions with different properties (1) (2) (3) (4) . In rodents, two or more types of mesenchyme are present in the UrM and likely important in prostate development. The periurethral mesenchyme (PUM) is directly adjacent to and surrounds the UrE and newly formed prostatic buds, and the peripheral mesenchyme, termed the ventral mesenchymal pad (VMP), is adjacent to the PUM and is crucial for prostatic induction (1) (2) (3) (4) . Around the time of prostate induction, mesenchymal cells at the interface of the PUM and VMP undergo smooth muscle differentiation (1) (2) (3) (4) (5) . Androgen action in the UrM is thought to induce formation of prostatic ductal progenitors/buds in the UrE through paracrine signaling (6 -8) . Androgen-dependent signaling also stimulates the out-growth of the fetal prostatic buds from the UrE into the surrounding UrM, perinatal branching morphogenesis, and cytodifferentiation of the prostatic epithelium (PrE) (6 -10) .
In the developing prostate, epithelial proliferation is enriched at the tips of the elongating prostatic ducts as they invade the UrM and branch (11, 12) , and smooth muscle differentiation leads to the formation of thin layers of smooth muscle that eventually encase the PrE (1) (2) (3) (4) (5) . This culminates in prostatic ducts of epithelial origin that are surrounded by stromal smooth muscle cells and fibroblasts. Furthermore, individual prostatic ducts are connected to surrounding ducts by a loose connective tissue in the multilobed rodent prostate, which comprises pairs of anterior, ventral, and dorsolateral lobes (3, 10) .
Androgen receptor (AR) signaling is involved in nearly all aspects of prostate development and growth (2, 6 -8) , and AR is thought to act in concert with other signaling pathways to regulate these processes. In addition to AR, a small number of conserved signaling molecules have been found to regulate prostate development and growth. Proximal-to-distal outgrowth of the prostate is dictated by time-specific and cell-specific expression of morphoregulatory genes (13, 14) , including secreted signaling ligands of the Hedgehog (15) (16) (17) (18) (19) (20) (21) , Wnt (13, (22) (23) (24) (25) , Fgf (26 -29) , and Tgf␤ (30 -36) gene superfamilies. These positive and negative regulators are thought to communicate autocrine and paracrine signals through their cognate receptors (13, 14) . Subsequent epithelial cues induce differentiation of the mesenchyme to stroma, and AR action in the luminal epithelium normally regulates secretory function in the mature prostate gland (37, 38) . Although AR and other signaling pathways are necessary for the development and growth of the prostate, surprisingly, little is known of the mediators of these processes.
Several members of the TGF␤ superfamily have also been implicated as key regulators of prostatic branching morphogenesis. The founding member of the superfamily, TGF␤1, which is expressed in UrM and prostatic stroma (PrS), inhibits prostatic growth and changes the pattern of branching morphogenesis (33, 35) . Furthermore, regulation of WNT paracrine signaling mediates the role of TGF␤ in the inductive effects of the UrM on the adjacent epithelial cells (39) . Glial cell line-derived neurotrophic factor (GDNF) is a member of the TGF␤ protein superfamily. Interestingly, Golden et al (40) reported mRNA localization using in situ hybridization of Gdnf and Gdnf family receptors (Gfr␣1 and Gfr␣2) in the UGS and developing prostate. However, the functional roles of GDNF family ligands and their cognate receptor signaling complexes in the UGS and developing prostate were unexplored.
GDNF has crucial functions in the nervous system and outside the nervous system. In the central and peripheral nervous system, it serves as a growth factor promoting survival and differentiation of neurons (41) (42) (43) . Outside the nervous system, GDNF dosage regulates cell fate decisions of germline progenitors in testis and ureteric branching morphogenesis in kidney development. In mammalian seminiferous tubules, Sertoli cells dictate the microenvironment of the spermatogonial stem cell niche through the release of growth factors including GDNF. At low GDNF levels, the spermatogonial stem cells differentiate, whereas at high levels, the stem cells only self-renew and are unable to differentiate (44) . Originating from the metanephric mesenchyme adjacent to the caudal end of the nephric duct, GDNF acts as a mesenchyme-derived paracrine signal promoting ureteric bud outgrowth and renal branching morphogenesis of the permanent kidney (45) (46) (47) (48) .
Cellular responses to GDNF family ligands are mediated by a multicomponent receptor complex consisting of a glycosyl-phosphatidylinositol-linked ligand-binding receptor known as GDNF family receptor-␣ (GFR␣) and RET receptor tyrosine kinase (48 -50) . In the embryonic kidney, ureteric buds fail to form in mutant embryos, regardless of which component of the GDNF-GFR␣1/ RET signaling complex has been ablated, causing renal agenesis and neonatal kidney failure (45) (46) (47) (51) (52) (53) (54) (55) . Golden et al (40) also reported Ret mRNA localization using in situ hybridization in the UGS and developing prostate. Additional studies have reported that GDNF family ligands may also signal independently of RET (56 -59) .
Signaling through GDNF receptors activates several intracellular signaling cascades that modulate cell survival and proliferation, including the MAPK kinase (MEK1/2) and MAPK (ERK1/2) pathway (MEK-ERK) (60 -62) . During kidney development, MEK1/2 is normally active in branching ureteric buds, and phosphorylation-mediated activation of ERK1/2 in the ureteric bud requires GDNF (63) . The conditional loss of Gfr␣1 in ureteric bud-tip cells has been shown to decrease cell proliferation and reduce phosphorylation of ERK1/2 (p-ERK1/2) (64). In germline progenitors, MEK-ERK signaling is activated by GDNF and has been suggested to stimulate proliferation and suppress differentiation (65, 66) . ERK1/2 is activated in GFR␣1-immunoreactive spermatogonial stem cells under the control of GDNF, which is thought to inhibit their differentiation (67) . As the prostate develops, fibroblast growth factor receptor-mediated signaling through the MEK-ERK pathway is required for androgen-induced outgrowth of epithelial buds (68) . Based on these previous findings, we hypothesized that GDNF, its signaling receptor components, and downstream signaling pathways are expressed in the UGS and may play specific roles in the UGS and developing prostate. We explore this hypothesis in the present study.
We report here that GDNF shows time-specific and cell-specific expression during prostate development in vivo. In embryos, GDNF and GFR␣1 are expressed in the epithelium and mesenchyme of the UGS. Although GDNF and GFR␣1 expression declines in the prostatic epithelium during branching morphogenesis, their expression becomes restricted to the stroma of each prostate lobe. In addition, exogenous GDNF increases the proliferation of mesenchymal and epithelial cells in UGS organ culture. We therefore propose that GDNF signaling in the UGS increases proliferation of mesenchymal and epithelial cells by different mechanisms, which are distinguished by the role of RET receptor tyrosine kinase and MEK-ERK signaling. UrM proliferation is mediated by RET receptor tyrosine kinase and involves activation of MEK-ERK signaling, whereas UrE proliferation does not.
Materials and Methods

Animal maintenance and tissue collection
C57BL/6J mice were purchased from Jackson Laboratories. Mice were housed under defined conditions, including a 12-hour light, 12-hour dark cycle, a temperature of 22 Ϯ 1°C, an atmospheric humidity of 50% Ϯ 10%. All of the animal experiments were approved by the University of Illinois at UrbanaChampaign Animal Care and Use Committee. Timed-pregnant females were generated by pairing males with females overnight. We define midday on the day of plug identification as E0.5. For the in vivo development experiments, the UGS from E14.5 to E18 male embryos and the prostates from postnatal day (P) 0, P5, P7, P14, and P90 adult males were dissected in ice-cold DMEM/F12 (1:1) medium (catalog number 21041-025; Invitrogen).
Fetal sex was identified by examination of the fetal gonad using a dissecting microscope and confirmed by PCR amplification of the male-specific Sry gene (GeneBank: X67204), which is located on the Y chromosome (69) . Genomic DNA was purified using lysis buffer (100 mM Tris-HCl, pH 8; 5 mM EDTA; 200 mM NaCl; 0.2% sodium dodecyl sulfate; 100 g/mL proteinase K) followed by alcohol precipitation. Real-time quantitative PCR (QPCR) reactions were performed using Sry primers (5Ј-CTCATCG-GAGGGCTAAAGTG-3Ј and 5Ј-CAGTCTTGCCTGTATGT-GATGG-3Ј) and control primers (5Ј-TGTCCTTGGAAGA-CGAATGC-3Ј and 5Ј-TGGATCGCAGTAGAATGCAG-3Ј), which are complementary to chromosome 11. The QPCR was achieved using the following method: a denaturation and polymerase activation step at 94°C for 1 minute and then 40 cycle consisting of 94°C for 10 seconds, 57°C for 10 seconds, and 72°C for 20 seconds. Comparative threshold cycle (Ct) values for Sry were compared with control to determine whether the Y chromosome was present in an embryo.
UGS organ culture
UGS tissue was dissected from E15.5 male embryos and placed on 0.4 m Millicell CM filters (catalog number PICM01250; EMD Millipore), floating on 1 mL of organ culture medium [DMEM/F12 supplemented with 1% nonessential amino acids, 2% insulin, transferrin and selenium (catalog number 51500-056; Invitrogen), gentamicin and amphotericin B (catalog number R-015-10; Invitrogen), and 1 g/L of D-glucose] in a 5% CO 2 atmosphere (70, 71) . Additional supplements included 0.1% ethanol control, 10 nM 5␣-dihydrotestosterone (DHT; catalog number A8380; Sigma-Aldrich) in ethanol, 0.1% PBS control, 1-100 ng/mL recombinant GDNF (catalog number 212-GD; R&D Systems) in PBS, 100 ng/mL recombinant neurturin (NRTN; catalog number 1297-NE; R&D Systems) in PBS, 0.1% dimethylsulfoxide (DMSO) control, 20 M U0126 (catalog number 1144; Tocris Bioscience) in DMSO, 20 M PD98059 (catalog number 1213; Tocris Bioscience) in DMSO, and 100 M 1,3-dihydro-5,6-dimethoxy-3-[(4-hydrophenyl)methylene]1-H-indol-2-one (RPI-1; catalog number R8907; Sigma-Aldrich) in DMSO. The culture medium was changed every other day.
For cell proliferation experiments, UGSs were cultured in organ culture medium with the previously mentioned supplements for 7 days and then with 10 M bromodeoxyuridine (BrdU; catalog number B5002; Sigma-Aldrich) for 2 hours prior to fixation in 4% paraformaldehyde solution. For ERK kinase inhibitor experiments, UGS were cultured with 100 ng/ml GDNF and 20 M MEK inhibitor (PD98059, U0126) or DMSO control for 48 hours prior to tissue processing. For RET kinase inhibitor experiments, UGS were cultured with 100 ng/ml of GDNF and 100 M RPI-1 or DMSO control for 24 hours prior to tissue processing. UGSs were processed for immunostaining by fixation in 4% paraformaldehyde solution for 2 hours. Morphological changes in UGS whole mounts were imaged using a Leica M205A stereoscope. Using Image J software (National Institutes of Health, Bethesda, Maryland), UrM thickness was quantified from bright-field images using six linear bilateral measurements of the visible UrM in each UGS. The mean UrM thickness was then determined using three or more UGSs for each condition.
Separation of embryonic UGS mesenchyme and epithelium and adult prostate stroma and epithelium
UGSs from E15.5 male embryos were mechanically separated into UrE and UrM components after incubation in Hanks' calcium-and magnesium-free solution (pH 7.3) containing 1% Difco trypsin 1:250 (catalog number 215240; BD Biosciences) for 1 hour on ice (5). Each tissue was washed with PBS, and lysates for immunoblot analysis were made using RIPA buffer (10 mM Tris-HCl, pH 8.0; 1 mM Na 2 EDTA; 150 mM NaCl; 5% glycerol; 0.1% sodium deoxycholate; 0.1% sodium dodecyl sulfate; 1% Triton X-100) supplemented with protease and phosphatase inhibitors. Prostates were dissected from P90 male mice, and minced prostate tissue was enzymatically dissociated in 10 mL of RPMI 1640 medium containing 150 U of collagenase for 1.5 hours at 37°C and mechanically dissociated by trituration. The collagenase-digested tissue was then passed through a 100-M pore cell strainer, and the cellular suspension was washed several times with plating medium (RPMI 1640; 
RNA isolation, reverse transcription, and real-time QPCR
UGS from E14.5 to E18 male embryos and prostate from P0, P5, and adult male mice were dissected and rinsed in PBS. UGSs were cultured in organ culture medium containing 0 -100 ng/mL GDNF for 2-7 days. Additional UGSs were cultured in medium containing 100 ng/mL GDNF and 0 -100 M RPI-1 for 7days. UGSs and prostate tissues were washed with PBS, minced, and mechanically homogenized in lysis buffer, and total RNA was extracted using an RNeasy minikit (catalog number 74106; QIAGEN) with on-column deoxyribonuclease treatment (catalog number 79254; QIAGEN). Random-primed cDNA was prepared from 1 g of total RNA using the ProtoScript first-strand cDNA kit (catalog number E6300L; New England Biolabs) and diluted 5-fold in water. One microliter of diluted cDNA was used as template for QPCR using a StepOnePlus real-time PCR system (Applied Biosystems). Primers were designed using Primer3 (http://frodo.wi.mit.edu), and those that efficiently amplified (72) single products of the expected size were used for QPCR.
Primers used to detect mouse transcripts are as follows: Gdnf sense, 5Ј-GATATTGCAGCGGTTCCTG-3Ј; Gdnf antisense, 5Ј-CCTGGCCTACTTTGTCACTTG-3Ј; Gfr␣1 sense, 5Ј-GGCAGTCCCGTTCATATCG-3Ј; Gfr␣1 antisense, 5Ј-AGGCGGACCTGTACTTCTTG-3Ј; Ret sense, 5Ј-TGACATCAG-CAAGGATCTGG-3Ј; Ret antisense, 5Ј-AGAGCCCATCG-TCATACAGC-3Ј; Pygo2 sense, 5Ј-CCCAGTCAACCCTTCAACC-3Ј; Pygo2 antisense, 5Ј-GAGATCATGGGACCAAATCC-3Ј; Gapdh sense, 5Ј-GTCGGTGTGAACGGATTTG-3Ј; Gapdh antisense, 5Ј-CTTGCCGTGGGTAGAGTCAT-3Ј; Mek1 sense, 5Ј-GCCTGGT-TATGGCTAGAAAGC-3Ј; Mek1 antisense, 5Ј-AGAAGCCCAC-GATGTACGG-3Ј; Mek2 sense, 5Ј-ACCGGCACTCA-CTATCAACC-3Ј; Mek2 antisense, 5Ј-AGCTCTTC-CAGCTTCTTCTGG-3Ј; and Grb2 sense, 5Ј-CCAAGGCAGAA-GAAATGCTC-3Ј; Grb2 antisense, 5Ј-ACTTGACGGACAGGG AGAAG-3Ј.
The QPCR was achieved using the following method: a denaturation and polymerase activation step at 94°C for 1 minute and then 40 cycles consisting of 94°C for 10 seconds, 57°C for 10 seconds, and 72°C for 20 seconds. Data were analyzed using the Ct method (73) and Pygo2 control gene, which is not regulated by the treatments used here (Supplemental Figure 1) . After the normalization to Pygo2 cDNA levels, which is reflected in the ⌬Ct values, the relative quantification (RQ) of the fold change for each treatment compared with the reference control was determined using the following equation: RQ ϭ 2 (Ϫ⌬Ct) / 2 (Ϫ⌬Ct reference) . The RQ mean and SEM are plotted in log2 scale.
Cell proliferation
E15.5 UGSs were cultured in organ culture medium with or without GDNF (1-100 mg/mL) for 7 days, and 10 M BrdU (catalog number B5002; Sigma-Aldrich) was added to the media for 2 hours prior to fixation in 4% paraformaldehyde solution and tissue processing for immunohistochemistry. Fluorescence microscopy images were collected using an Olympus BX51 epifluorescence microscope with ϫ10 -40 objectives and Olympus DP Controller/Manager software. The BrdU-positive cells were detected using BrdU antibody (catalog number 347580; BD Biosciences), and they were counted in each of the UGS tissues (UrM and UrE). The UrM and UrE were defined by immunostaining using antibodies for mesenchymal vimentin (catalog number 5741S; Cell Signaling Technology) and epithelial keratins (catalog number 4545S; Cell Signaling Technology), respectively. For each UGS tissue, the percentage of proliferating cells was calculated by dividing the number of BrdU-positive cells by the total number of 6-diamidino-2-pheylindole (DAPI)-positive cells. The cells were counted in three different visual fields of each 4-m UGS section, and a total of five sections through 5 or more UGSs were analyzed for each condition.
Immunoblots
UGS and prostate tissue lysates were made using ice-cold RIPA buffer supplemented with protease and phosphatase inhibitors. UGS lysates were collected, total protein was quantified using the BCA protein assay (catalog number 23227; Pierce Biotechnology), and lysates containing equal amounts of protein were subjected to 4%-20% mini-TGX gel electrophoresis (catalog number 456-1096; Bio-Rad Laboratories) and then transferred to polyvinyl difluoride membranes. Nonspecific binding was blocked by incubation of the membranes in TBST [20 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 0.1% Tween 20] containing 1% BSA for 1 hour at 22°C. Membranes were incubated overnight at 4°C with primary antibodies diluted in TBST ϩ 1% BSA. Primary antibodies were as follows: p-ERK1/2 (1:1000, catalog number 4370S), ERK1/2 (1:1000, catalog number 4695S), vimentin (1:1000, catalog number 5741S), pan-keratin (1:1000, catalog number 4545S), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 1:1000, catalog number 2118L) were from Cell Signaling Technology; GDNF (1:1000, catalog number sc-328) and GFR␣1 (1:1000, catalog number sc-10716) were from Santa Cruz Biotechnology; RET (0.1 g/mL, catalog number AF482) was from R&D Systems. Membranes were washed in TBST and incubated for 1 hour with 1:2000 dilutions of horseradish peroxidase-linked antirabbit, antimouse, or antirat IgG (Jackson ImmunoResearch Laboratories) in TBST ϩ 1% BSA. The blots were visualized using Pierce ECL Western Blotting Substrate (catalog number 32106) and HyBlot CL autoradiography film (catalog number E3018; Denville Scientific). Films were scanned and Image J software (National Institutes of Health, Bethesda, Maryland) was used to quantify protein expression relative to GAPDH control or p-ERK1/2 expression relative to total ERK1/2 control.
Immunohistochemistry
UGS and prostate tissues were rinsed in PBS, fixed in 4% paraformaldehyde for 2 hours at 22°C, and then dehydrated through an alcohol gradient consisting of 30-to 60-minute in-cubations (depending on tissue size) in 25%, 50%, 70%, 83%, 90%, and 100% ethanol. The dehydrated tissues were cleared in xylene, infiltrated with melted paraffin for 1 hour at 60°C, and embedded in paraffin blocks. The tissues were sectioned at 4 m thickness using a rotary microtome (Leica), and the sections were placed on glass slides. Tissue sections were deparaffinized in xylene, rehydrated, and equilibrated in water. Antigen unmasking was performed by boiling sections in 10 mM sodium citrate buffer for 10 minutes. Nonspecific binding was blocked using 1% BSA in PBS for 30 minutes at 22°C. Immunohistochemistry controls included preincubation of primary antibody with antigenic peptide, when available, prior to incubation with secondary antibodies and incubation in the absence of primary antibodies (Supplemental Data). Samples were incubated overnight at 4°C with 1:200 dilutions of primary antibodies. Primary antibodies included the following: vimentin, pan-keratin, p-ERK1/2, ERK1/2, BrdU (catalog number 347580; BD Biosciences), GDNF, GFR␣1, and RET. After several washes, tissue sections were incubated with fluorescent-conjugated secondary antibodies diluted 1:300 in 1% BSA in PBS for 1 hour at 22°C. Secondary antibodies from Molecular Probes included the following: Alexafluor-594 antimouse, Alexafluor-594 antirabbit, Alexfluor-594 antigoat, Alexafluor-488 antimouse, and Alexafluor-488 antirabbit. Tissue sections were incubated with 0.6 M DAPI for 10 minutes and washed with PBS, and coverslips were applied with mounting medium (catalog number 10981; Sigma-Aldrich). Fluorescence microscopy images were collected using epifluorescence microscopes (Zeiss Axiovert 200M inverted microscope with ApoTome optical sectioning device and Olympus BX51), which were equipped with ϫ10Ϫ40 objectives, high-resolution digital cameras, and Olympus DP Controller/Manager software and Zeiss Axiovision software, respectively.
Statistical analysis
The significance differences between two treatment groups were determined using Student's t test, whereas differences among three or more groups or time points were determined by one-way ANOVA, followed by Tukey's honest significant difference test.
Results
Localization of GDNF in the mouse UGS and developing prostate
We examined the temporal expression pattern of GDNF in the murine UGS and developing prostate over a broad developmental period from E14.5 to P5. This period spans the earliest stages of prostate ductal development, including epithelial bud specification, initiation, and elongation as well as ductal branching morphogenesis (10, 74) . Using real-time QPCR analysis, we found that Gdnf mRNA levels increased 2-fold during prostate ductal development in males, peaking at E17.5 ( Figure 1A and Supplemental Figure 1 ). Gdnf mRNA levels declined slightly from E17.5 to P5, although they remained significantly higher than at E14.5 ( Figure 1A) . Notably, QPCR analysis also revealed that Gdnf transcripts were readily detected in the UrE and UrM of E16.5 UGS and were 3-fold enriched in the UrE compared with the UrM (Supplemental Figure 2 ).
To investigate further the temporal and spatial expression patterns of GDNF, the localization of GDNF protein during prostate development (E16.5 to P14 and P90 adult males) was determined using immunohistochemistry and fluorescence microscopy. During prostate development in vivo, GDNF showed time-specific and cell-specific localization ( Figure 1, B and C) . In E15.5 to E17.5 male embryos, GDNF was localized in the keratin-positive UrE and PrE, which buds from the UrE ( Figure 1B and Supplemental Figure 3 ). In addition, GDNF was localized in the keratin-negative UrM ( Figure 1B and Supplemental Figure 3 ). Although GDNF protein was below the level of detection in most mesenchymal cells, it was readily detected during embryonic development in discrete regions of the UrM, including the VMP and to a lesser extent the PUM ( Figure 1B ). During the process of branching morphogenesis in the developing prostate, GDNF localization was robust in the prostatic epithelial buds and PrE as well as the dorsal condensed mesenchyme ( Figure 1B , panels E17.5 to P7). Although by P14, GDNF localization was substantially reduced in the PrE, and it was enriched in the stroma (PrS) of each prostatic lobe ( Figure 1 , B and C, compare P7 with P14). In the adult prostate, GDNF localization was restricted to the PrS of all prostate lobes ( Figure 1C ). Additional assessment of the localization of GDNF in E16.5 UGS through structured illumination using an optical sectioning device revealed GDNF localization in the VMP and the cytoplasm of the vast majority of UrE cells ( Figure 1D ), suggesting that GDNF is expressed in these epithelial cells. Taken together, the changes in GDNF mRNA and protein localization in the developing prostate suggest that the GDNF expression is regulated during prostate development.
Localization of GFR␣1 and RET in the mouse UGS and developing prostate
Because GFR␣1 is the high-affinity receptor for GDNF and RET functions as a critical coreceptor and signal transducer of GDNF signals (58), we examined the temporal and spatial expression patterns of GFR␣1 and RET in the developing prostate from stages E15.5 to P5 and in P90 adult prostate. The peak levels of Gfr␣1 and Ret mRNAs were detected in the earliest stages of prostate development (E15.5-E16.5), and they declined during postnatal development (Figure 2, A and B) .
To investigate the temporal and spatial expression patterns of GFR␣1 and RET, the localization of these proteins was determined during prostate development using immu-noblot analysis and immunohistochemistry and fluorescence microscopy. In our hands, the commercially available GFR␣1antibodies were unsuitable for immunohistochemistry. Immunoblot analysis of E15.5 UGS using the GFR␣1 antibody ( Figure 2C ) revealed that GFR␣1 is expressed in vimentin-positive UrM and keratin-positive UrE prior to prostate ductal development. Furthermore, GFR␣1 protein localization in the adult prostate is restricted to the stromal compartment. During prostate development in vivo, RET showed time-specific and cell-specific expression ( Figure 2 , C and D). At E15.5 and during the earliest stages of prostate development, RET protein localization was detected only in discrete regions of the UrM, including the VMP and to a lesser extent the PUM (Figure 2 , C and D). In the developing prostate, RET localization decreased in the stroma, and RET expression was nearly undetectable in adult PrS using immunohistochemistry ( Figure 2D ), although it was detectable in immunoblots ( Figure 2C ). The changes in GFR␣1 and RET mRNAs and protein localization in the developing prostate suggest that GFR␣1 and RET expression are also regulated during prostate development.
GDNF induces proliferation of UrM and UrE cells in UGS organ culture
We investigated the functional role of GDNF signaling in the UGS using a well-established method for UGS explant culture, which recapitulates the earliest stages of prostate development in vivo (68, 70, 71) . We dissected UGS from E15.5 male embryos and cultured them in defined organ culture medium (70, 71) for 7 days with 100 ng/mL GDNF or vehicle control. Because androgen signaling is necessary for prostate development in vivo and in culture Figure 1 . Localization of GDNF in the UGS and developing prostate. A, Time course of Gdnf mRNA expression in the UGS and developing prostate (E14.5 to P5) of male mice was determined by QPCR analysis. Relative quantification of Gdnf mRNA is shown using the mean and SEM (n ϭ 6) in log2 scale. During prostate development, Gdnf mRNA levels increased (compare E14.5 with E17.5) and remained elevated through P5. B, Immunohistochemistry revealed the localization of GDNF protein (green) in the UGS and during prostate development in vivo (E16.5 to P7). In the early stages of prostate development, the UGS consists of UrM and UrE (cell nuclei stained with DAPI; blue), and immunodetection of epithelial keratins (red) has been shown to identify the UrE and prostatic epithelium. GDNF is expressed in regions of the UrM and UrE. The boundaries between the PUM and the UrE or the ventral, lateral, and dorsal prostatic epithelium (VPE, LPE, DPE) have been traced (dashed white line), and the regions of VMP with GDNF localization have been labeled. In the developing prostate at P7, GDNF localizes in the dorsal condensed mesenchyme (left side of image), and the white arrowheads indicate robust colocalization (yellow) of GDNF and keratin in the PrE of the dorsolateral lobe of the developing prostate. C, Individual prostate lobes (anterior, ventral, and dorsolateral) were collected from P14 males and P90 adult males and processed for immunohistochemistry. Immunodetection of GDNF (green), keratins (red), and DAPI-stained nuclei (blue) shows GDNF localization is enriched in the PrS of each lobe at P14. In the adult prostate, GDNF localization is highly enriched in the PrS of each lobe. The boundaries between the PrS and PrE have been traced (dashed white line). D, In E16.5 UGS, GDNF localization in the UrM and UrE was imaged through structured illumination using an optical sectioning device. GDNF localization is evident in the VMP and the cytoplasm of UrE, suggesting that GDNF is expressed in these epithelial cells. The boxed epithelial cells are magnified 2-fold in the lower right panels. The scale bars represent 100 m (B and C) and 20 m (D).
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Park 70, 75, 76) , UGSs were treated with 10 nM DHT, a potent endogenous androgen, 100 ng/mL GDNF, or vehicle control. As expected, DHT induced prostatic epithelial budding in cultured UGS ( Figure 3A) , which is consistent with previous reports of prostate development ex vivo (70, 75, 76) . The UGS exposed to exogenous GDNF showed striking changes in morphology, including a substantial increase in UrM thickness ( Figure 3A) , indicating that the UGS is indeed responsive to GDNF.
The specificity of GDNF family ligands, such as GDNF and NRTN, is determined by selective GFR␣ proteins that have unique binding affinities for each ligand. GDNF binds specifically and reversibly to the GFR␣1 receptor with an approximate dissociation constant (Kd) of 3 pM (49, 77) , and NRTN binds to the GFR␣2 receptor with an approximate Kd of 10 pM (77). We assessed the specificity of GDNF signaling in the growth of the UrM using E15.5 UGSs that were cultured with 100 ng/mL doses of GDNF and NRTN or vehicle control for up to 7 days ( Figure 3 , B and C). At 24 hours, the morphology of GDNFtreated and NRTN-treated UGS was indistinguishable from control UGS (data not shown). At 48 hours, the UrM of GDNF-treated UGS was modestly thicker compared with vehicle control and NRTN-exposed tissue, and by 168 hours, the UrM was 5-fold thicker compared with vehicle control (Figure 3, B and C) . Notably, NRTN-exposed UrM was slightly thicker than control-treated UrM, although the increase was insignificant. These results indicate that the increase in UrM thickness is selectively regulated by the GFR␣1 receptor, which mediates GDNF signaling.
We considered several possible explanations for the thickening of the UrM in response to GDNF, including the spreading of the UrM, increasing cell size, and increasing cell proliferation. Because UrM density and cell size are highly variable, we investigated the proliferation of mesenchymal cells and epithelial cells in the UGS by quantifying the incorporation of BrdU into the DNA of dividing cells during the S phase. E15.5 UGSs were cultured with a range of GDNF doses (1-100 ng/mL) or vehicle control for 7 days, and 10 M BrdU was added 2 hours prior to tissue processing for immunohistochemistry. Immunodetection of BrdU-positive dividing cells, vimentinpositive mesenchymal cells, and DAPI-stained nuclei revealed an increase in the number of proliferating cells in Figure 2 . Localization of GFR␣1and RET in the UGS and developing prostate. Time course of Gfr␣1 mRNA (A) and Ret mRNA levels (B) in the UGS and developing prostate (E14.5 to P5) of male mice was determined by QPCR analysis. Relative quantification of Gfr␣1 and Ret mRNAs is shown using the mean and SEM (n ϭ 6) in log2 scale. Gfr␣1 and Ret mRNA levels were highest in the early stages of prostate development. C, UrM and UrE were separated from E15.5 male UGSs, and immunoblot analysis shows that GFR␣1 protein is localized in the UrM and UrE prior to prostate development in vivo, whereas RET expression is localized to the UrM. Adult prostate tissue was dissociated, and immunoblot analysis of PrS and PrE revealed that GFR␣1 and RET expression is restricted to adult stromal cells. The clean separation of the mesenchyme/stroma and epithelium is supported by immunodetection of mesenchymal/stromal vimentin and epithelial keratins. D, Immunohistochemistry revealed the localization of RET protein expression (red) in the UGS and during prostate development in vivo (E15.5 to P0 and the ventral lobe of P90 adult prostate). DAPI-stained nuclei (blue) identify all cells in the sections, and immunodetection of keratins (green) has been shown to identify the UrE as well as the ventral and dorsal prostatic epithelium (VPE and DPE). RET is expressed in the VMP and to a lesser extent in the PUM of the UGS and developing prostate. The boundaries between the PUM and UrE and the PrS and PrE have been traced (dashed white line), and the VMP has been labeled. The scale bars represent 100 m. UGSs treated with GDNF ( Figure 3D ). Quantification of the percentage of BrdU-positive cells in the vimentin-positive UrM and vimentin-negative UrE indeed demonstrates a dose-dependent increase in the number of proliferating cells in UGS treated with 10 -100 ng/mL GDNF ( Figure 3E and Supplemental Figure 4) . Notably, the percentage of proliferating cells in the UrM and UrE was increased with 1 ng/mL GDNF, although these increases were insignificant. The number of vimentin-positive UrM cells in S phase increased 1.7-fold with 100 ng/mL GDNF compared with control, and the number of vimentin-negative UrE cells in S phase increased 2.2-fold with 100 ng/mL GDNF compared with control ( Figure 3E ). Regional differences were also observed for UrM cell proliferation (Supplemental Figure 4 ). Although GDNF increased the proliferation of PUM and VMP cells, the proliferation increase was greater in the VMP compared with the PUM (Supplemental Figure 4 , 2.3 Ϯ 0.2-fold increase in the VMP compared with 1.4 Ϯ 0.2-fold increase in the PUM, P Ͻ .05). Taken together, these findings indicate that the UGS is responsive to GDNF signals and that elevated levels of GDNF can induce morphological changes in the UGS that are driven by enhanced proliferation of UrM and UrE cells.
GDNF signaling up-regulates RET expression in the UGS and RET localization in the UrM
To investigate the molecular mechanism responsible for GDNFinduced proliferation of the mesenchymal cells and epithelial cells in the UGS, E15.5 UGSs were cultured with GDNF or vehicle control. By 7 days in culture, Ret mRNA was robustly up-regulated in a dose-dependent manner in UGS, reaching a peak induction of 10.5-fold with 100 ng/mL GDNF at 168 hours (Figure 4A) . In time-course experiments, Ret mRNA was up-regulated 2.3-fold to 6.7-fold in GDNF-treated UGSs compared with control UGS at 24 hours and 48 hours, respectively ( Figure 4B ), suggesting that downstream targets of GDNF signaling may regulate the transcription of the Ret gene. Immunoblot analysis of UGSs cultured with 100 ng/mL GDNF family ligands or vehicle control revealed that GDNF exposure increased RET expression 3-fold at 24 hours and 8-fold at 48 hours ( Figure 4C ). In contrast, RET expression was unaffected by NRTN at 24 hours. Notably, NRTN modestly increased RET expression 3-fold at 48 hours, albeit insignificantly ( Figure 4C) . In additional experiments, the ef- Exogenous GDNF induces proliferation of UrM and UrE cells in UGS organ culture. A, UGSs from E15.5 male mouse embryos were cultured with 10 nM DHT to induce prostate development, 100 ng/mL exogenous GDNF, or vehicle control for 7 days. In UGS culture, DHT robustly induced prostatic epithelial budding (black arrowheads). Visible thickening of the UrM was observed in GDNF-treated UGSs. UGSs were imaged at the same magnification. Below the images, the boundary of the UrM and PrS has been traced (black lines) and labeled to distinguish it from the UrE and PrE. B, E15.5 UGSs were cultured with 100 ng/mL GDNF, 100 ng/mL NRTN, or vehicle control for 7 days. Treatment with GDNF led to visible thickening of the UrM compared with NRTN and vehicle control. C, Quantification of the average UrM thickness using six linear bilateral measurements shows that GDNF increased UrM thickness 1.8-fold at 48 hours and 5-fold at 168 hours, whereas NRTN increased UrM thickness 1.8-fold at 168 hours, albeit not significantly (n ϭ 3-5). D, E15.5 UGSs were cultured with exogenous GDNF (1, 10, or 100 ng/mL) or vehicle control for 7 days, and 10 M BrdU was added 2 hours prior to tissue processing for immunohistochemistry. Immunodetection of BrdU-positive cells (green), vimentinpositive mesenchymal cells (red), and DAPI-stained nuclei (blue) revealed an increase in the number of proliferating cells in UGS treated with GDNF. E, Quantification of the percentage of BrdU-positive cells in vimentin-positive UrM and vimentin-negative UrE indicates a dosedependent increase in the number of proliferating cells in UGS treated with GDNF. Exposure to 10 -100 ng/mL GDNF increased proliferation in the UrM and UrE, and 1 ng/mL GDNF increased proliferation, albeit not significantly (n ϭ 5). The scale bars represent 500 m (A and B) or 100 m (D).
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Park and Bolton GDNF Induces Proliferation in the Urogenital Sinus Mol Endocrinol, February 2015, 29(2):289 -306 fect of GDNF signaling on RET localization was determined using immunohistochemistry and fluorescence microscopy. RET localization in the VMP increased with GDNF treatment compared with vehicle control ( Figure 4D ). The enrichment of RET localization suggests that in addition to an increase in RET expression in a subset of VMP cells, there is an increase in the number of RET-expressing cells in the VMP. These results demonstrate that GDNF signaling up-regulates RET expression in the UGS and localization in the VMP.
Inhibition of RET kinase activity suppresses GDNF-induced proliferation of UrM cells
In addition to RET-mediated signaling by GDNF, RET-independent mechanisms of GDNF action have also been reported (56, 57, 59, 78, 79) . To assess a functional role for RET in the UGS, we next sought to determine whether the proliferating effects of GDNF in the UGS could be blocked by RET-selective kinase inhibitor RPI-1. E15.5 UGSs were cultured for 7 days with 100 ng/mL GDNF or vehicle control in the absence or presence of 100 M RPI-1. RPI-1 indeed suppressed the GDNF-induced thickening of the UrM ( Figure 5A ). In UGSs treated with RPI-1 alone, there were no obvious differences in morphology or UrM proliferation compared with vehicle-treated UGSs ( Figure 5, A and B ). The UrM exposed to 100 ng/mL GDNF was nearly 4.5-fold thicker compared with vehicle control and 2.5-fold thicker than UGSs cotreated with GDNF and RPI-1 ( Figure 5B ). Furthermore, cotreated UrM was slightly thicker than control-treated UrM, although the increase was insignificant, implicating RET-mediated signaling in UrM proliferation. The slight increase in UGS size and unusual morphology ( Figure 5A ) led us to examine further the effects of GDNF and RPI-1 on mesenchymal and epithelial proliferation. Additional BrdU incorporation experiments were performed to quantify changes in GDNF-induced proliferation of UGS exposed to RPI-1 compared with vehicle control. Interestingly, RPI-1 cotreatment suppressed GDNF-induced proliferation in the vimentin-positive UrM ( Figure 5 , C and D), which is consistent with the morphological changes we observed in the UGS ( Figure 5, A and B) . However, GDNF-induced proliferation in the vimentinnegative UrE was resistant to RPI-1 ( Figure 5, C and D) , implicating RET-independent signaling in the regulation of UrE proliferation. These results are consistent with our finding that RET expression is restricted to the UrE and developing prostate stroma (Figure 2 , C and D, and Figure 4D) .
To define further the mechanism of RET up-regulation by GDNF treatment, we tested whether RET kinase inhibitor RPI-1 was able to suppress the up-regulation of Ret mRNA in response to GDNF. Indeed, Ret mRNA levels were suppressed by 68% in UGS cotreated with 100 ng/mL GDNF and RPI-1 compared with GDNF treatment alone (Supplemental Figure 5) , suggesting that Ret kinase activity in the UGS may play a central role in the Ret mRNA up-regulation. . GDNF signaling up-regulates RET expression in the UGS and RET localization in the UrM. A, E15.5 UGSs were cultured for 7 days with several GDNF doses (1, 10, and 100 ng/mL) or vehicle control. Ret mRNA increased 10.5-fold in UGSs treated with 100 ng/ mL GDNF compared with vehicle. Relative quantification of Ret mRNA is shown using the mean and SEM (n ϭ 5) in log2 scale. B, E15.5 UGSs were cultured with 100 ng/mL GDNF or vehicle control for 24 -168 hours. Ret mRNA was up-regulated in GDNF-treated UGS compared with control UGS at 24 hours and 48 hours. Relative Ret mRNA is shown using the mean and SEM. *, P Ͻ .05; **, P Ͻ .01 (n ϭ 5). C, E15.5 UGSs were treated with 100 ng/mL GDNF or vehicle control for 24 -48 hours. Immunoblot analysis of UGS lysates reveals that RET expression increased 3-fold in GDNF-treated UGS compared with control UGS and NRTN-treated UGS at 24 hours. By 48 hours, RET protein levels were increased 8-fold in GDNF-treated UGS and 3-fold in NRTN-treated UGS compared with control UGS. Relative RET to GAPDH protein ratios are shown using the mean and SEM (n ϭ 5). 
GDNF signaling up-regulates MAPK signaling components in the UGS and increases phosphorylation of ERK1/2 in the UrM
To identify additional transcripts that are regulated by GDNF signaling, we assessed the effect of GNDF on the expression of candidate mRNAs that code for signaling components implicated in the MEK-ERK signaling pathway, which is a central pathway controlling cell division and proliferation. By 48 hours, the expression of Mek1, Mek2, and growth factor receptor bound protein 2 (Grb2) mRNAs were significantly up-regulated in UGSs treated with GDNF compared with vehicle control (Figure 6A) . Because changes in the expression of these gene products are thought to modulate MAPK signaling through ERK1/2, we hypothesized that GDNF signaling and UGS proliferation may involve activation of the ERK1/2 signaling pathway.
We next determined whether the ERK1/2 signaling pathway was activated in UGSs treated with GDNF. E15.5 UGSs were cultured for 48 hours with 100 ng/mL GDNF or vehicle control, and the localization of p-ERK1/2 proteins and RET protein was determined using immunohistochemistry and fluorescence microscopy. Immunodetection of p-ERK1/2 and RET revealed increased levels of these proteins with GDNF treatment compared with vehicle control and abundant colocalization of p-ERK1/2 and RET in the VMP ( Figure 6B ). Additional BrdU incorporation experiments confirmed that the p-ERK1/2-positive cells in the VMP were indeed proliferating in response to GDNF (Figure 6B ), which provides evidence for the activation of the ERK signaling pathway in GDNFinduced proliferation of UrM cells located in the VMP. Subsequent immunoblot analysis determined that GDNF exposure markedly increased the p-ERK1/2 levels by 3-fold, whereas total ERK1/2 expression was unchanged by GDNF treatment ( Figure 6C ). Notably, the p-ERK1/2 levels were not significantly increased by NRTN treatment. We also tested whether the increase in p-ERK1/2 levels due to GDNF exposure could be blocked by RET kinase inhibition using RPI-1. E15.5 UGSs were treated for 48 hours with 100 ng/mL GDNF or vehicle control, and they were cotreated with 100 M RPI-1 or vehicle control. RPI-1 indeed suppressed the increase in p-ERK1/2 levels due to GDNF treatment ( Figure 6D ). These findings suggest that RET-mediated GDNF signaling in the VMP region of the UrM increases the activation of the MEK-ERK signaling pathway and, possibly, proliferation of UrM cells.
Inhibition of MEK1/2 kinase activity suppresses GDNF-induced proliferation of UrM cells
The inhibition of ERK1/2 activation with MEK1/2-selective kinase inhibitor UO126 reportedly blocks all mor- Figure 5 . Inhibition of RET kinase activity suppresses GDNF-induced proliferation of UrM cells. A, E15.5 UGSs were cultured with 100 ng/mL GDNF or vehicle control in the presence or absence of 100 M RPI-1 for 7 days. UGSs were imaged at the same magnification. Below the images, the boundary of the UrM has been traced (black lines) and labeled to distinguish it from the UrE. B, Quantification of the average UrM thickness using six linear bilateral measurements of the UrM indicates that GDNF induced UrM thickening and RPI-1 inhibited GDNF action in UrM thickening (n ϭ 3-5). C, E15.5 UGSs were cultured with vehicle control or 100 ng/mL GDNF in the presence or absence of 100 M RPI-1 for 7 days, and 10 M BrdU was added 2 hours prior to tissue processing for immunohistochemistry. Immunodetection of BrdU-positive cells (green) and vimentin-positive mesenchymal cells (red) and DAPI-stained nuclei (blue) shows an increase in BrdU-positive UrM and UrE cells in UGSs treated with GDNF. However, fewer BrdU-positive UrM cells were observed in UGSs cotreated with GDNF and RPI-1 compared with GDNF alone. The scale bars represent 500 m (A) or 100 m (C). D, Quantification of the percentage of BrdUpositive cells in vimentin-positive UrM and vimentin-negative UrE indicates that GDNF-induced proliferation of UrM cells was suppressed by RET inhibitor RPI-1. In addition, the UrE showed similar increases in GDNF-induced proliferation in the presence and absence of RPI-1 (n ϭ 6).
phogenesis, proliferation, and gene expression changes induced by androgens in UGS organ culture, suggesting that MEK-ERK signaling promotes androgen-induced budding morphogenesis, proliferation, and gene expression in the developing prostate (68) . We hypothesized that if GDNFinduced proliferation of UrM cells is mediated by activation of the MEK-ERK signaling pathway, then MEK1/2-selective kinase inhibitors should block GDNF-induced proliferation of UrM cells. To assess the effect of combined ERK signaling blockade, E15.5 UGSs were cultured with 100 ng/mL GDNF or vehicle control, and they were cotreated with two different MEK inhibitors (PD98059 and U0126), which are known to inhibit the ERK signaling pathway. From 3 to 7 days in culture, the UGSs that were exposed to 20 M PD98059 or U0126 and 100 ng/mL GDNF showed striking morphological changes compared with UGSs treated with GDNF alone. The GDNF-induced thickening of the UrM was clearly suppressed by cotreatment with each of the ERK kinase inhibitors (Figure 7, A and B) , implicating MEK-ERK-mediated signaling in UrM proliferation. The unusual morphology of the UGSs cotreated with GDNF and the MEK inhibitors prompted us to examine their effects on the proliferation of UrM and UrE cells. Additional BrdU incorporation experiments were performed to quantify changes in GDNFinduced proliferation of UGS exposed to each of the MEK1/2 inhibitors compared with vehicle control. Interestingly, cotreatment with either PD98059 or U0126 suppressed GDNF-induced proliferation in the vimentin-positive UrM ( Figure 7, C and D) , which is consistent with the morphological changes we observed in the cotreated UGSs (Figure 7, A and B) . However, GDNF-induced proliferation in the vimentin-negative UrE was resistant to the MEK inhibitors ( Figure 7, C and D) , which is remarkably similar to our findings for RPI-1 ( Figure 5, C and D) .
To investigate the functional role of the MEK-ERK signaling pathway in GDNF-stimulated ERK1/2 phosphorylation, RET expression, and their localization in the UrM, E15.5 UGSs were treated with vehicle as a control, GDNF alone, or cotreated with GDNF and each of the MEK1/2 inhibitors for 48 hours, and the localization of p-ERK1/2 and RET proteins was determined using immunohistochemistry and fluorescence microscopy. As expected, immunodetection of p-ERK1/2 and RET showed increased levels of these proteins with GDNF treatment compared with vehicle control and abundant colocalization of p-ERK1/2 and RET in the VMP ( Figure 7E ). However, cotreatment of UGS with GDNF and either PD98059 or U0126 suppressed the GDNF-stimulated increases in p-ERK1/2 and RET levels in the VMP and the colocalization of these proteins ( Figure 7E ). Subsequent immunoblot analysis determined that PD98059 or U0126 suppressed increases in p-ERK1/2 and RET expression due to GDNF treatment, whereas total ERK1/2 expression levels were un- Figure 6 . GDNF signaling up-regulates MAPK signaling components in the UGS and increases phosphorylation of ERK1/2 in the UrM. A, E15.5 UGSs were cultured with 100 ng/mL GDNF or vehicle control for 48 hours, and QPCR analysis of UGS cDNA shows that Mek1, Grb2, and Mek2 mRNAs were significantly increased in GDNF-treated UGS compared to control UGS. The expression of each mRNA relative to Pygo2 mRNA is shown using the mean and SEM. *, P Ͻ .05; **, P Ͻ .01 (n ϭ 5). B, E15.5 UGSs were cultured with 100 ng/mL of GDNF or vehicle control for 48 hours, and 10 M BrdU was added for 2 hours prior to tissue processing for immunohistochemistry. Immunodetection of p-ERK1/2, RET, vimentin, and BrdU incorporation in proliferating cells as well as DAPI-stained nuclei (blue) are shown. The boundaries between the PUM and UrE have been traced (dashed white line), and the VMP has been labeled. Elevated levels of p-ERK1/2 and RET proteins are found in UGSs treated with GDNF compared with control. Abundant colocalization of p-ERK1/2 with RET is evident in the VMP of UGS treated with GDNF. BrdU incorporation by S-phase cells indicates that p-ERK1/2-positive cells in the VMP indeed proliferate in response to GDNF. The scale bars represent 200 m. C, E15.5 UGSs were treated with 100 ng/mL GDNF or vehicle control for 48 hours, and immunoblot analysis of UGS lysates reveals that GDNF exposure increased p-ERK1/2 levels by 3-fold, whereas total ERK1/2 expression levels were unaffected by GDNF treatment. D, E15.5 UGSs were cultured for 48 hours with 100 ng/mL GDNF or vehicle control in the presence or absence of RPI-1. RPI-1 suppressed the increase in p-ERK1/2 levels due to GDNF treatment. Relative p-ERK1/2 to total ERK1/2 protein ratios are shown using the mean and SEM (n ϭ 5).
doi: 10.1210/me.2014-1312 mend.endojournals.orgchanged ( Figure 7F ). Furthermore, PD98059 or U0126 suppressed the induction of RET expression by GDNF action ( Figure 7G ). Taken together, these findings reveal substantial clues to the molecular mechanisms responsible for GDNF-induced proliferation of the UrM (RET-MEK-ERK mediated signaling in the VMP) and UrE (RET-MEK-ERK independent signaling) ( Figure 8 ).
Discussion
GDNF signaling is known to play essential roles in urogenital development, although its role in prostate development had not been explored previously. We have examined the functional role of GDNF signaling in the UGS and the developing prostate of mice. We have defined expression patterns for GDNF-GFR␣1/RET signaling components in the UGS and developing prostate and determined that exogenous GDNF stimulates the proliferation of mesenchymal and epithelial cells, altering UGS morphology in organ culture (Figure 3) . In support of this finding, we report that UrM thickness is selectively regulated by the GFR␣1 receptor, which mediates GDNF signaling (Figure 3) . In the VMP region of the UrM, in which GDNF induces proliferation to the greatest extent (Supplemental Figure 4) , GDNF also increases RET expression ( Figure 4 ) and phosphorylation of ERK1/2 ( Figure 6 ). Furthermore, inhibition of RET kinase activity or ERK kinases (MEK1/2) suppresses GDNF-induced proliferation of UrM cells but not UrE cells (Figures 5 and 7 ) and increases in RET expression (Supplemental Figure 5 and Figure 7 ) and ERK1/2 phosphorylation ( Figure 7 ). Taken together, these findings demonstrate that GDNF signaling influences proliferation in the UGS, and they suggest that different mechanisms are responsible for GDNF signaling in the UrM and UrE. We therefore propose In addition, the UrE showed similar increases in GDNFinduced proliferation in the presence and absence of each MEK inhibitor (n ϭ 6). E, E15.5 UGSs were exposed for 48 hours to each MEK inhibitor compared with vehicle control, and the localization of p-ERK1/2 and RET proteins was determined using immunohistochemistry and fluorescence microscopy. Immunodetection of p-ERK1/2 (green) and RET (red) and DAPI-stained nuclei (blue) shows increased levels of these proteins in UGS treated with GDNF compared with vehicle control and abundant colocalization of p-ERK1/2 and RET in the VMP. Cotreatment of UGSs with PD98059 or U0126 suppressed the enrichment of p-ERK1/2 and RET proteins in response to GDNF and the colocalization of these proteins in the VMP. The boundaries between the PUM and UrE have been traced (dashed white line), and the VMP has been labeled. F, E15.5 UGSs were cultured with vehicle control or 100 ng/mL GDNF in the presence of absence of each MEK inhibitor for 48 hours, and immunoblot analysis of UGS lysates show that PD98059 and that GDNF signaling stimulates UrM cell proliferation through RET-mediated activation of the MEK-ERK pathway and UrE cell proliferation through an RET-independent mechanism, which is not dependent on MEK-ERK signaling ( Figure 8 ).
We have determined that GDNF, GFR␣1, and RET are expressed in the UGS and provide additional evidence for changes in temporal and cell-specific expression patterns of GDNF and its coreceptor components during prostate development in vivo (Figures 1 and 2) . Consistent with our findings, Golden et al (40) reported mRNA localization of Gdnf, Nrtn, Ret, and Gdnf family receptors (Gfr␣1 and Gfr␣2) in the UGS and developing prostate. However, Golden et al did not examine cell-specific mRNA localization or protein expression. We have shown that GDNF and GFR␣1 are expressed in the UrE and UrM of the UGS, and RET expression is enriched in a subset of mesenchymal cells located primarily in the VMP (Figures 1 and 2) . Gdnf, Gfr␣1, and Ret mRNAs decline modestly in the developing prostate during the perinatal period, which is when prostatic epithelial buds elongate and branch. During ductal branching morphogenesis and the subsequent growth period in young adults, GDNF and GFR␣1 proteins become localized to the stroma of each prostate lobe. RET expression is also restricted to the mesenchymal/stromal compartment where it decreases in postnatal development, which may serve to limit stromal proliferation in the adult prostate.
In ureteric morphogenesis and kidney development, GDNF is expressed by the metanephric mesenchyme, and RET is expressed by the nephric duct epithelium, from which ureteric budding is promoted by GDNF (47, 80, 81) . Although the localization of GDNF and its coreceptor components are different in prostatic and ureteric development, our findings identify intriguing possibilities for autocrine GDNF signaling in the UrM and paracrine GDNF signaling between the UrE and UrM in the UGS and the PrE and PrS in the developing prostate.
In addition to defining expression patterns for GDNF signaling components in the UGS and developing prostate, our experimental approach revealed a functional role for GDNF signaling using a well-established organ culture system that was designed to investigate early signaling events in the UGS and developing prostate (70) . Explanted UGS or isolated UGS developing in organ culture provide a more authentic view of the cellular events that occur in vivo. In addition, the UGS organ culture approach is highly amenable to the manipulation of signaling pathways, and it preserves the endogenous tissue architecture of the UGS that is necessary for paracrine signaling and prostate induction (68, 70, 71, 75, 76) . Using this organ culture system, we have determined that UrM thickness is selectively regulated by the GFR␣1 receptor, which mediates GDNF signaling, and exogenous GDNF stimulates proliferation of both mesenchymal and epithelial cells, altering UGS morphology (Figure 3 ). Consistent with our findings in the UGS, GDNF has been shown to positively regulate proliferation of several different cell types outside the developing prostate, including glioblastoma cells, ureteric bud tip cells, and spermatogonial stem cells (45, 82, 83) . Notably, GDNF-induced proliferation of UrM cells leads to substantial UrM thickening in response to GDNF, whereas GDNF-stimulated cell division in the UrE only subtly altered UrE morphology. Perhaps GDNF signaling may have a more profound effect on epithelial morphology in the developing prostate. Taken together, these findings demonstrate that GDNF signaling regulates cell proliferation in the UGS and implicate GDNF-GFR␣1/RET signaling in prostate development and growth.
NRTN is a high-affinity ligand for the GFR␣2 receptor. However, its effectiveness in increasing UrM thickness ( Figure 3 ) and up-regulating Ret expression ( Figure  4C ) and ERK1/2 phosphorylation ( Figure 6C ) is very low in comparison with GDNF. The slight, albeit insignificant, increase in UrM thickness resulting from exposure Proposed mechanism for GDNF-induced proliferation of mesenchymal and epithelial cells in the UGS. In the UrM, GDNF binds and activates the GFR␣1/RET coreceptor complex, and subsequent RET-mediated signaling activates the MEK-ERK pathway, which upregulates RET expression and stimulates proliferation of mesenchymal cells. In the UrE, GDNF binds and activates another coreceptor complex consisting of GFR␣1 and a putative coreceptor signaling component (coRSC), and subsequent RET-independent signaling is responsible for increased proliferation of epithelial cells. doi: 10.1210/me.2014-1312 mend.endojournals.orgto 100 ng/mL (8 nM) NRTN is likely due to cross talk with the GFR␣1 receptor. Low-affinity interactions between GDNF and the GFR␣2 receptor and between NRTN and the GFR␣1 receptor have been reported with an approximate Kd Ͼ 1 nM (77) . Thus, we speculate that in the developing prostate, GDNF signaling is primarily mediated through GFR␣1. Consistent with our findings in NRTN-treated UGS, inactivation of NRTN signaling in Nrtn-or Gfr␣2-deficient mice had only a modest effect on prostate growth and an insignificant effect on prostate weight (84) . Interestingly, NRTN inactivation is thought to enhance androgen sensitivity in neuroendocrine and reproductive tissues including the prostate (84) . Ligand-bound GFR␣ receptors including GFR␣1 activate a common RET-mediated signaling pathway (85) . However, GDNF family ligands are thought have different biological effects upon binding to different GFR␣-RET coreceptor complexes (86 -88) . In addition, the downstream signaling pathways of the selective GFR␣ receptors are thought to involve phosphorylation activation of distinct RET tyrosines, including Tyr905, Tyr1015, Tyr1062, and Tyr1096 (87, 89) . Among these crucial RET tyrosines, phosphorylation of Tyr 1062 is thought to reveal a binding site for several adaptor and effector proteins, including docking protein GRB2 and guanine nucleotide exchange factor son of sevenless homologs. Activation of son of sevenless homologs promotes the exchange of GDP for GTP among members of the RAS GTPase protein family, which can activate RAF-MEK-ERK protein kinase signaling (55, 87, 90, 91) . The MEK-ERK pathway is a central signaling pathway controlling cell proliferation (92) .
We have proposed cell-specific regulation of proliferation in the UGS in which GDNF signaling stimulates UrM cell proliferation through RET-mediated activation of the MEK-ERK pathway (Figure 8 ). We also identified regional differences in the proliferation of UrM cells in which GDNF increased proliferation to a greater extent in the VMP compared with the PUM (Supplemental Figure  4) . Interestingly, RET expression is limited in PUM cells, which are predominantly RET negative, and enriched in VMP cells (Figure 2 ). In addition, GDNF treatment of UGS dramatically increased RET expression (Figure 4 ) and ERK1/2 phosphorylation in the VMP, and inhibition of RET kinase activity or ERK kinases (MEK1/2) suppressed these increases (Figures 6 and 7) . Furthermore, inhibition of RET kinase activity using RPI-1 or ERK kinases (MEK1/2) suppressed the GDNF-induced proliferation of UrM cells (Figures 5 and 7) including those located in the VMP and PUM (data not shown). Taken together, these results indicate that GDNF-induced proliferation of VMP cells in the UrM is dependent on the expression and activation of RET and the MEK-ERK pathway in these cells. With regard to the modest stimulation of PUM cell proliferation by GDNF, we offer two possible explanations. Either the PUM cells that proliferate in response to GDNF express RET, albeit at low levels, or they are stimulated by a putative paracrine signal, originating from RET-expressing UrM cells located in the VMP. The latter mechanism is consistent with previous reports of paracrine signaling mediated by secreted ligands of the Wnt (13, (22) (23) (24) (25) , Fgf (26 -29) , and Tgf␤ (30 -36) gene superfamilies. Moreover, smooth muscle differentiation, at the interface of the PUM and VMP in the developing prostate (1-5), may also be susceptible to paracrine signals originating from the VMP.
Activation of the MEK-ERK pathway by GDNF signaling is RET mediated in the UrM ( Figure 6D ) and leads to increases in RET mRNA and protein expression in the VMP (Figure 4 ). These findings demonstrate that GDNF signaling up-regulates RET expression in a subset of UrM cells, and they further suggest that the RET-expressing cells proliferate, contributing to increased RET localization in the VMP. Consistent with our report of increased RET expression in GDNF-treated UGSs, microarray analysis of ureteric buds cultured in the presence of GDNF demonstrated Ret mRNA up-regulation (93) . In addition to the up-regulation of RET expression by GDNF, Mek1, Mek2, and Grb2 mRNAs were increased in GDNF-treated UGS ( Figure 6A ). Although it is unclear whether the up-regulation of these mRNAs occurs through direct or indirect mechanisms, GDNF robustly stimulated the MEK-ERK signaling pathway in the VMP region of the UrM (Figures 6 and 7) . As the MEK-ERK pathway is a central signaling pathway controlling cell proliferation (92) , identifying the transcriptional regulators that are activated by the MEK-ERK pathway and the target genes, such as Ret (Figure 4 ), that they regulate will inform mechanism and may reveal putative secreted ligands that could be tested for paracrine activation of PUM cell proliferation.
We have also proposed that GDNF signaling stimulates proliferation of UrE cells through a RET-independent mechanism (Figure 8 ). We determined that the GDNF-induced proliferation of UrE cells, which express GFR␣1 and lack detectible RET expression (Figure 2) , is resistant to the inhibitory effects of RPI-1 ( Figure 5 ) and ERK kinase inhibitors (Figure 7 ). Several studies have provided evidence of RET-independent signaling for GDNF and GFR␣1 through an association with cell adhesion molecules and activation of nonreceptor tyrosine kinases (56 -59) . GDNF can bind to neural cell adhesion molecule (NCAM) independently of GFR␣1, although both receptors are necessary for GDNF to activate signal-
